Understanding the processes occurring inside a landfill is important for improving the treatment of landfills. Irrigation and recirculation of leachate are widely used in landfill treatments. Increasing the efficiency of such treatments requires a detailed understanding of the flow inside the landfill. The flow depends largely on the heterogeneous distribution of density. It is, therefore, of great practical interest to determine the density distribution affecting the flow paths inside a landfill. Studies in the past have characterized landfill sites but have not led to high-resolution, detailed quantitative results. We performed an S-wave reflection survey, multichannel analysis of surface waves (MASW), and electrical resistivity survey to investigate the possibility of delineating the heterogeneity distribution in the body of a landfill. We found that the high-resolution S-wave reflection method offers the desired resolution. However, in the case of a very heterogeneous landfill and a high noise level, the processing of high-resolution, shallow reflection data required special care. In comparison, MASW gave the general trend of the changes inside the landfill, whereas the electrical resistivity (ER) survey provides useful clues for interpretation of seismic reflection data. We found that it is possible to localize fine-scale heterogeneities in the landfill using the S-wave reflection method using a high-frequency vibratory source. Using empirical relations specific to landfill sites, we then estimated the density distribution inside the landfill, along with the associated uncertainty considering different methods. The final interpretation was guided by supplementary information provided by MASW and ER tomography.
INTRODUCTION
Sustainable aftercare of sanitary landfills is a serious concern. To reduce the aftercare period with specific treatment technologies, operators and researchers try to understand the processes occurring inside a landfill (Scharff, 2005; Van Vossen, 2010) . There is an increasing need for understanding the heterogeneity inside the landfills for optimizing the treatment technologies, especially regarding the recirculation of leachate (Powrie and Beaven, 1999) . Preferential flow paths depend highly on the heterogeneous distribution of density. It is critical to understand the flow of leachate and to model the behavior of the processes inside a landfill. There are models that explain the hydrobiomechanical behavior of landfills; however, they lack detailed quantitative information of density distribution, which can greatly improve the accuracy of model predictions (White et al., 2004; McDougall and Fleming, 2013) . Stoltz et al. (2012) illustrate that it is important to have a knowledge of the density distribution for the estimation of the moisture-retention properties.
In the past, geophysical methods have been used to image the body of a landfill, but they have faced difficulties due to uncertainties, artifacts, and noise. Reflection and refraction seismic studies (Green et al., 1999) suffer from uncertainties mainly due to strong scattering events. Carpenter et al. (2013) image a landfill and study the effect of leachate recirculation on Poisson's ratio and shear modulus; they state that their results can be improved further, in case independent density measurements are available. Electrical resistivity (ER) measurements have been performed at numerous landfill sites, but they have provided mainly qualitative information and have suffered from artifacts (e.g., Bernstone et al., 2000; Jolly et al., 2011) . However, when ER is used in conjunction with other methods, they are found to be quite useful (e.g., Leroux and Dahlin, 2010; Dahlin, 2012) .
So far, seismic studies have attempted to characterize landfills using surface waves (Kavazanjian and Matasovic, 1996; Haker et al., 1997) , but this approach generally incorporates substantial uncertainties. For instance, the heterogeneity is often not taken into account in the inversion of surface wave dispersion data (van Wijk and Levshin, 2004) . Cone penetration tests (CPTs) have also been widely used for obtaining the density information (Zhan et al., 2008) , but they provide a 1D density profile and not the spatial distribution. CPT is expensive, considering that it only provides 1D information. Further, CPT is an invasive approach. Mantlik et al. (2009) show that gravity measurements can be useful in determining the high-density contrasts in a landfill, but the interpretation of gravity data relies on the availability of ER measurements and downhole information for depth calculation.
The present research is motivated by the growing need for a more reliable definition of the heterogeneity in the landfill. Additionally, we wanted to explore the possible advantages of using the high-resolution seismic reflection method in combination with ER tomography (ERT) in landfill studies. The objectives were to investigate the following:
• the possibility to localize fine-scale heterogeneities in a landfill using high-resolution S-wave seismics
• the prospect of sensible density estimation in a landfill from S-wave velocities
• the supplementary information from multichannel analysis of surface waves (MASW) and the ER method that can be useful when combined with S-wave seismic studies.
We present a strategy for imaging and characterization of a landfill using a combination of seismic reflection, MASW, and ER methods. The idea has been tested on field data from a very heterogeneous municipal landfill site with a high background noise level. We have examined the uncertainty associated with the MASW method in landfill application. Finally, we present results of imaging of the landfill heterogeneity and provide the estimated density distribution in the body of the landfill.
FIELD EXPERIMENTS
We acquired seismic and ER data in the Wieringermeer landfill in the summer of 2013. The Wieringermeer landfill is located in the province of North Holland (The Netherlands) and is operated by Afvalzorg (van Meeteren et al., 2009 ). We performed the geophysical measurements on the eastern part of the landfill, on cell number 6, which has a size of 2.6 hectares and a total volume of 281.083 tons. The landfill is 22 years old, with 90% of its waste placed in 1992-1994 and 10% in 1998 . The depth of the landfill is known to be approximately 12 to 15 m; it has a maximum elevation of 12 m (referenced to sea level) starting at 3 m below sea level. Cell 6 has a bottom liner and a leachate-and gas-drainage system, but no top liner other than a soil cover of approximately 1-1.5-m thickness. The waste composition of cell 6 is shown in Table 1 . We estimate the percentage for the different materials based on information on the specific volume of the material and the total volume of the waste from the report of van Meeteren et al. (2009) , specifically for cell 6. Information for waste composition in north Europe from Pipatti and Vieira (2006) is used for the subcategory of commercial, coarse household, and shredded wastes. Figure 1a shows the photo of the Wieringermeer landfill site; cell 6 is indicated by the red rectangle. We acquired four different data sets: seismic reflection, surface-wave dispersion, ER with Wenner geometry, and ER with dipole-dipole geometry. We performed all measurements in two days, with a five-week period between the days. The weather conditions on the days before the measurements and during the measurements were similar on both days: 0.2 mm of rain on the days before the measurements and no rain during the measurements (L. Meijer, personal communication, 2013) . There was a busy traffic rod and industry buildings close to the experiment site ( Figure 1a ). This resulted in a low signal-to-noise ratio (S/N) in the seismic data. In addition, operational gas-extraction pipes in the subsurface of cell 6 added further noise to the data. There were no Table 1 . Waste composition of Wierengermeer landfill, cell 6 (Pipatti and Vieira, 2006; van Meeteren et al., 2009 Figure 1a indicate the approximate locations of the geophone array and the electric cable; this is explained in Figure 1b . The seismic and the ER profiles were coincident. For the seismic reflection measurements, we used a high-frequency electrodynamic, horizontal (S-wave) vibrator as the source (Ghose et al., 1996; Brouwer et al., 1997 , Ghose, 2012 and horizontal 10 Hz single-component geophones as receivers. We used S-waves because they are more sensitive to subtle changes in the soil type (e.g., Ghose and Goudswaard, 2004) and their velocity is directly linked to the small-strain stiffness. Additionally because of the usually low velocity of S-waves in soft soils, the use of S-waves results in high resolution. For a very heterogeneous subsurface such as in a landfill and for the very shallow depths of interest, high-frequency vibrators are more suitable than impulsive sources (e.g., Ghose et al., 1996 Ghose et al., , 1998 .
The acquisition parameters are summarized in Table 2 . We used 48 geophones at 0.5 m intervals, resulting in a 23.5-m receiver spread. The receiver array was kept fixed, and the source was moved. The source spacing was 1 m. We started shooting 4 m behind the first geophone and continued to 4.5 m after the last geophone. There was a total of 33 shot points. The horizontal vibrator had a linear sweep of 20-300 Hz, a time sampling interval of 0.5 ms, and a sweep length of 3.2 s. The record length was 4.2 s. Crosscorrelation and deterministic source-signature deconvolution were tested for compressing the raw vibrograms. The compressed vibroseis trace length was 1 s, the same as the trace length for the impulsive P-wave data acquired at this site. For every shot location, four sweeps were recorded separately. Vertical stacking of the shot gathers was performed after vibrogram compression to correct for any shot-to-shot variation (Ghose, 2002) . For surface-wave data acquisition, the geometry configuration follows the one of the S-wave reflection profile, with the difference that we used a vertical hammer for the Pwave source, 10-Hz vertical geophones, and a time-sampling interval of 0.25 ms. To increase the S/N, at each shot point, four to six shot gathers were recorded and subsequently stacked.
For the ER measurements, we used two different geometries to obtain a good resolution. Wenner measurements provide a good vertical resolution (e.g., Ward, 1990 ) and a good S/N, whereas dipole-dipole geometry records best the response of large anomalies (Cardimona, 2002) and is more sensitive to lateral changes (e.g., Ward, 1990) . We used four electric cables to connect 64 electrodes at 1-m spacing, thus having a 63-m-long profile. The connection to the acquisition system (MPT-DAS I) was in the middle of the lines at a 32-m lateral location. The injected direct current of the MPT-DAS I was set to 2500 mA. The recording time for the Wenner measurements was 30 min, whereas for the dipole-dipole measurements, it was 60 min. For each position of the current electrodes, we per- 
DATA PROCESSING AND IMAGING S-wave seismic reflection
Unlike the usual layered subsurface, a landfill site is predominantly made of many scatterers. This required careful processing of seismic data. Our experiment site was additionally very noisy. We therefore discuss the data processing steps in detail. An overview of the processing steps is given in Figure 2 .
After geometry installation and correct header assignment, the raw vibroseis data are compressed. This is done by crosscorrelation or deconvolution of the recorded data with the source monitor signal (Ghose, 2002) . For the vibrator that we used, a good source monitoring is possible. Figure 3 shows a typical raw shot gather after crosscorrelation and after deconvolution of the raw vibroseis data using the source monitor signal. The same band-pass filter (4-10-160-200 Hz) is applied in Figure 3a and 3b, for comparison. Although the sweep of the vibrator is 20-300 Hz, due to the intrinsic losses in the medium, frequencies lower than 20 Hz are also significantly present in the recorded signals. Below 4 Hz, the ground-roll noise is dominant, whereas above 160 Hz, mainly high-frequency ambient noise is present. We have applied automatic gain control with a 30 ms window. The effective source wavelets in the data obtained by crosscorrelation and deconvolution of the source monitor with itself are also shown in Figure 3 . The deconvolution clearly performs better, allowing for a good separation of events (reflections and diffractions), whereas the crosscorrelation buries the events in their dominant ringing characters. The side-lobe energy is much less in the deconvolved data. It has been shown earlier that unless the vibrator monitor signal is sufficiently accurate, the advantage with vibroseis deconvolution is rather limited. However, when the vibrator monitor signal is of high quality, vibroseis source-signature deconvolution performs better than crosscorrelation: The side-lobe energy in the effective source wavelet is reduced, resulting in improved resolution and better event separation (Ghose, 2002) . Deconvolution corrects for the phase and amplitude changes. Because deconvolution flattens the amplitude spectrum over the frequency bandwidth representing a good S/N, the wavelet is sharp.
In total, four sweeps, two for each opposite horizontal force direction (equivalent to left and right strikes in case of a sledgehammer S-wave source), are generated at each shot location for the purpose of S-wave source stacking. The polarity of the vibrator monitor signal was reversed before raw vibrogram compression. Taking the difference between traces at each receiver location for S-wave sources with opposite force directions is expected to minimize any source-generated P-wave and enhance the S-wave. However, in the case of our data, we find that the signal is too dissimilar between S-wave sources with opposite force directions; therefore, Figure 2 . Processing steps for the S-wave reflection data set. we perform only stacking of data for the S-wave source with the same force direction.
A long train of surface waves, as well as direct and refracted waves, suppress much of the diffracted body-wave arrivals. The surface waves appear to also come from other anthropogenic sources at this site (operational gas pipes and work that was being performed in nearby buildings). Therefore, in the next step, we carefully remove those unwanted events. Figure 4 shows two shot gathers (source location 9 and 22 m), before and after muting of these events. We illustrate only the first 0.5 s of the data because the later times are dominated by surface waves, as visible at times exceeding 0.3 s. Because the frequency and the propagation velocity of the surface-waves are very close to those of the S-wave reflections, it is difficult to remove the surface waves with a frequency or frequency-wavenumber (f-k) filter without losing a great deal of the target reflected wavefield. Surface waves created by the gas facilities on the landfill site and the generator we used for the S-wave vibrator have a frequency of approximately 50-60 Hz, which is a range similar to the frequency of the reflection signal. That is why we apply surgical muting in addition to top and bottom muting, keeping only the desired events and removing as much as possible other noise. This is done for every shot separately, taking care to keep the meaningful events that show up in the successive shots and remove the rest (surface waves and refractions). Bad traces are also removed. For such a heterogeneous and noisy landfill site, it is important to do this step carefully for each shot. As will be explained later, we interpret events based on the examination of shot gathers, the stacked image, and the migrated image. We iteratively improve the muting processes so the events are always evident in each of these three trace displays. This makes the muting process objective and consistent. The result is illustrated in Figure 4b and 4d.
The trace-edited and muted shot gathers allow us to identify the scattered body-wave arrivals from the landfill. Having a predominant frequency of 80 Hz and a highest velocity of 300 m∕s allows for a spatial resolution of at least 1 m. The size of the scatterers we identify is around 1-2 m. One of the main challenges in seismic imaging of landfills has been the resolution of the heterogeneities inside the landfill. Many closely spaced diffractions tend to smear out in the final result (e.g., De Iaco et al., 2003) . With the high-resolution S-wave vibroseis data, it was possible to identify these diffractions, even in a noisy environment, based on a thorough cross-check on shot gathers and stacked and migrated images. A few of these events are highlighted in Figure 4b and 4d: Red hyperbolas and numbers indicate the diffractions, whereas gray-shaded areas and capital letters indicate the reflections.
A careful velocity analysis of the common midpoint (CMP) gathers is performed next. The details of the velocity analysis are explained in the following paragraphs. We use only CMP gathers with fold ≥6. Figure 5a shows the stacked time section. We perform prestack depth migration to account for the heterogeneous subsurface and to obtain a good imaging result in depth. We use a migration scheme that is based on optimized space-frequency wavefield extrapolation operators (Thorbecke et al., 2004) . For migration, we use a simplified, smoothly varying 1D velocity model (macromodel). This model is obtained by smoothing the 2D stacking velocity field. The prestack depth-migrated section is shown in Figure 5b . The 1D velocity macromodel is illustrated on the right in Figure 5 . We apply the same top and bottom mute to the stacked and migrated sections. We also apply a poststack band-pass filter (10-25-120-160). The interpreted time-stacked and depth-migrated sections are shown in Figure 5c and 5d, respectively.
At this stage, we need to check if the diffraction patterns identified in the shot gathers also migrate to the appearance of local scatterers in the prestack depth image at the correct locations. We, therefore, critically review our interpretation made on shot gathers, the stacked time section, and the prestack depth-migrated section (Figures 4b, 4d , 5c, and 5d). We observe that scatterers 3, 4, 5, and 7 are present and readily interpretable in all three plots. Scatterers 1, 2, and 6 are not readily interpretable, and the migration fails to image scatterer 6. Layers B through F are evident in all three plots, whereas it is rather difficult to interpret layer A in the stacked time section and in the migrated depth section. A feature that is visible in the migrated depth image, after the diffraction events have been collapsed to their true positions, is the bottom of the landfill (green line in Figure 5d ). The interpreted landfill bottom is at an 11-to 13-m depth, which agrees well with the expected depth (12-15 m). The landfill below the seismic line consists of some layered structures (especially at 20-25-m lateral distance) with interspersed local scatterers. As will be shown later on in the joint interpretation of ER and seismic data, these scatterers correspond to density heterogeneities within the landfill body, which would act as obstructions to leachate flow in the landfill.
Errors in the velocity model will obviously result in errors in imaging and characterization of the heterogeneities (Zhu et al., 1998) . It is important to pay special attention to the velocity analysis in case of a heterogeneous subsurface such as a landfill. Figure 6 explains the steps that were taken to perform the velocity analysis. We create supergathers using five neighboring CMPs. We first carry out constant velocity stacking (CVS) for the velocity range 20-400 m∕s, with a step in two-way time (TWT) and in velocity of 10 ms and 10 m∕s, respectively. These parameters should be data set dependent. A step in the velocity analysis is to address those events that are commonly identifiable in shot gathers and CMP supergathers. Due to the high level of heterogeneity, we follow the events laterally within a time window. For example, we identify the events in the supergathers in a 0-10 ms time window. Then, we pick the hyperbola corresponding to the maximum semblance value ( Figure 6b) ; we ensure the goodness of the pick through examination of the CVS panel and the stack section. We iterate these steps till the event becomes clearly identifiable in the stacked section. In case of the presence of a diffraction event in the time window, we see no obvious clear hyperbola in the CMP gather and no flattening of the event after normal moveout (NMO) correction, but local energy concentration in the CMP gather and after correct velocity assignment a clear focusing of energy locally in the stacked section ( Figure 6b , red hyperbola). Then, we move on to the next 10-ms time window. Keeping in mind that diffractions from local scatterers are not flattened after the NMO correction, we take great care not to mute those events in the shot and CMP gathers. This is a challenging task, and this explains why in some areas of the stacked time section the scatterers are imaged well, whereas in other areas they are not (e.g., compare event 1 in the stacked time section in Figure 5c with that in the shot gather in Figure 4b ). Velocity analysis is done at every supergather. The rms velocity is converted to approximate interval velocity using the Dix equation.
The S-wave interval-velocity section is shown in Figure 7a ( Figure 7b and 7c will be explained in the following paragraphs). We calculate the approximate depth through time-to-depth conversion using a smooth velocity model estimated from the stacking velocity field. The heterogeneous velocity field is indicative of the distribution of objects in the landfill body. Note that the areas with strong velocity contrast generally correspond to locations of the diffraction patterns identified in the shot gathers, suggesting successful velocity picking for the diffraction events. 
Multichannel analysis of surface waves
MASW is commonly used for estimation of S-wave velocity in the near surface (e.g., Park et al., 1999; Xia et al., 1999; Socco and Strobbia, 2004; Ivanov et al., 2006; Xia and Miller, 2010; Konstantaki et al., 2013a; Tokeshi et al., 2013) .
We use P-wave sources and vertical geophones to record surface waves of the Rayleigh type. In Figure 8 , we show typical shot gathers for sources located at 9 and 22 m. These shot gathers are dominated by Rayleigh-wave energy (Figure 8 ), whereas the S-wave shot gathers exhibit a weaker presence of Love waves (Figure 4) . Love waves are generated from the constructive interference of supercritically reflected SH-waves. For the supercritical reflection to occur, a low-velocity top layer must be present meaning that Love waves can only occur when the surface layer has a lower velocity than the half-space (Aki and Richards, 2002; Lowrie, 2007) . On the other hand, the generation of fundamental-mode Rayleigh waves does not necessarily require a low-velocity upper layer, and the generation of Rayleigh wave depends on P-and SV-wave interferences.
We calculate the dispersion curves by picking the maximum energy in the velocity-frequency plot. In several studies, joint inversion of fundamental and higher modes has been found to be superior to inversion using the fundamental mode only (e.g., Luo et al., 2007) . In our data, fundamental and higher modes are present. However, the higher modes are easily identifiable in only a few shots, and they are generally not laterally continuous and lack the low-frequency, steeper part of the dispersion curve. As a result, when these higher modes are also used in inversion, the inversion becomes unstable. Furthermore, it might happen that the higher modes do not occur in order -a problem known as mode jump (e.g., Lu et al., 2006; Dal Moro, 2011) , but that different modes are mixed together in the observed dispersion images. This is also likely to be the case in our data. Therefore, we use only the fundamental mode. We apply a filter in the f-k domain to remove the higher modes. Inverting the dispersion curve of the fundamental mode, we aim for a best fit between the modeled and the observed curves (Figure 9a ). Having a temporal sampling interval of 0.25 ms results in a Nyquist frequency of 2 KHz. In Figure 9 , the data points are picked at 1-Hz intervals. For the inversion, we use a priori information relevant to landfill deposits: Poisson's ratio of 0.4 (Sharma et al., 1990; Zekkos et al., 2008; Carpenter et al., 2013) , density of 800 kg∕m 3 (Beaven et al., 2008) , and a half-space at 15-m depth. The scheme used is based on Occam's inversion, where the maximum model Figure 7 . (a) S-wave interval velocity section obtained from the reflection data, (b) S-wave velocity field obtained by MASW using Rayleigh-wave dispersion data, and (c) S-wave velocity field obtained by MASW using Love-wave dispersion data. The numbers in the sections indicate the velocities in meters per second. The circles and rectangles highlight similar velocities at similar locations in all three sections. smoothness is maintained whereas the rms error between the experimental and the theoretical curve is minimized (Constable et al., 1987) . We obtain 1D velocity profiles at 1.5-m intervals. For this purpose, we use a window of traces, with the trace number increasing or decreasing by 6 traces. For instance, the first 6 traces of all shots provide us with a velocity profile at 5.25-m lateral distance; the first 12 traces result in a velocity profile at 6.75 m distance. Dispersion curves are calculated for each shot position for every window. Therefore, for every location, we have 33 dispersion curves. We invert all dispersion curves at each location and take the average of the individual best-fit inverted curves to arrive at the final S-wave velocity profile for that location. To obtain the final S-wave velocity section, we interpolate between the velocity profiles (Figure 7b) . Note that the MASW section is restricted in the lateral direction and in depth by our choice of a minimum window of 6 traces, which results in the first CMP lateral location (CMPX) at 5.25 m and the last location at 26.25 m, and a half-space with thickness of 15 m. Because we want to image the landfill, whose expected depth is between 12 and 15 m, the depth of penetration from MASW is sufficient.
For a critical evaluation of the MASW result on the landfill, we use also the Love waves as recorded in the S-wave reflection data set and perform MASW. We mute reflections in the raw S-wave data (Figure 4a and 4c) and keep only the surface waves for MASW. We follow the same procedure as for the Rayleigh waves. A dispersion curve for the Love wave is shown in Figure 9b . Comparing the dispersion curves between the Rayleigh and Love waves (Figure 9a and 9b), we see that although both show a relatively good fit, there is a better fit between the model and the observation for the Love waves. Error analyses performed for Rayleigh-and Love-wave MASW support this fact: The rms error is relatively low for the Love-wave inversion (Figure 10) . In Figure 9 , we see that the rms error after five iterations is 3.8% for the Love-wave inversion and 6% for the Rayleigh-wave inversion. Furthermore, the Love wave dispersion curve has a broader frequency bandwidth (Figure 9 ), which increases the resolution in depth. The lower the frequencies, the greater the depth of penetration (e.g., Socco and Strobbia, 2004) . Figure 7c shows the S-wave velocity section derived by inversion of dispersive Love waves. We see quite similar trends in the S-wave velocity fields obtained by Rayleigh-and Love-wave inversions (Figure 7b and 7c) , although the estimated value of velocity slightly differs between them. It has been shown in the past that S-wave velocity estimated from Love and Rayleigh wave data is not the same (e.g., Lowrie, 2007) . In the case of our data, another reason for the mismatch between the S-wave velocities estimated from dispersive Rayleigh and Love waves might be the difference in data quality due to the use of different seismic sources -a horizontal (S-wave) vibrator for the Love waves and a vertical hammer for the Rayleigh waves. Also, anisotropy (for SH-and SVwaves) can play a role in creating the slight mismatch in the estimated velocities. The velocity field obtained from the S-wave reflection data (Figure 7a Konstantaki et al. and 7c) . The MASW results assume a layered model, which in the case of a heterogeneous landfill is not true, and this results in higher uncertainties (e.g., van Wijk and Levshin, 2004) . However, the general trends are still similar. At approximately 100-150 ms, we see a similar lateral velocity distribution in all three sections: Velocities start at values of 120-130 m∕s on the left (excepting the high velocity of 260 m∕s in the reflection data), reach 150-180 m∕s at approximately 8-m lateral distance (black circle in Figure 7) , then they decrease a bit, then again rise to 180-190 m∕s at approximately 15-m lateral distance (black rectangle in Figure 7) . There is also a drop in velocity at approximately 22 m and an increase at approximately 25-m lateral distance (white circle in Figure 7) , visible in reflection data and Rayleigh-wave dispersion data. Although they are less obvious in the MASW results, the velocity heterogeneities at x ¼ 8 m, TWT ¼ 150 ms, at x ¼ 15 m, TWT ¼ 150 ms and at x ¼ 25 m, TWT ¼ 150 ms that are visible in the S-wave reflection data, are also present in the MASW results.
The results for the first 0-100 ms show similar values in all three sections in Figure 7 and they are well constrained in depth. Velocities at TWT greater than 200 ms start to diverge. Although the velocity values are in a similar range, MASW is not able to identify the lateral differences sufficiently. Love and Rayleigh waves show a similar trend: lower velocities at 5-15 m and higher velocities at 15-25-m lateral distances.
Electrical resistivity tomography
ERT is performed to obtain the apparent resistivity distribution in the landfill. We use a 2D joint inversion for the Wenner and dipoledipole measurements to increase the depth and the resolution (de la Vega et al., 2003) . For this purpose, the code RES2DINV (Geotomo, 2010) has been used. This code uses a nonlinear least-squares optimization technique (de Groot-Hedlin and Constable, 1990; Loke and Barker, 1996) . The total number of data points for the inversion is 4292 (650 for the Wenner and 3642 for the dipoledipole measurements). We perform no preprocessing of the data, other than removal of a few outliers. For the inversion, we use a finite element method with a varying trapezoidal mesh. The damping factor is set free to vary with depth: from 0.03 to 0.15. Convergence is reached at the 5th iteration with a total rms error of 3%.
The joint inversion result is shown in Figure 11b ; the interval velocity field from the S-wave reflection data is plotted for comparison in Figure 11a . ER is related to the presence of leachate (Cardimona, 2002) . ERT, however, suffers from inversion artifacts and limited depth resolution (Jolly et al., 2011) . The resolution of ERT decreases with depth and depth uncertainty increases. Therefore, what might actually be 11-12-m deep seems deeper in the ERT. This might be the reason for the discrepancy in depth in case of the boundary marked by F between S-wave velocity field and ERT section. A joint interpretation of ERT and seismic is beneficial. The ERT section can indicate the locations of wet or dry pockets (lower or higher ER, respectively), whereas the seismic velocity section shows the location of stiffness/density variations. Looking at the two properties together, we mark that at the termination of areas interpreted as a wet or dry pocket, there is also a change in the S-wave velocity. The capital letters and lines indicate those locations. In the ERT section above line A, there is a lower resistivity area, whereas in the seismic data below location A, there is higher S-wave velocity. We interpreted this as a wet pocket created due to the obstruction of leachate due to an underlying stiffer and denser zone.
LANDFILL CHARACTERIZATION: DENSITY DISTRIBUTION
If we can roughly quantify the density distribution inside a landfill, then that will enable us to distinguish zones or boundaries that act as a barrier or obstruction to the flow of leachate. To accomplish this, we use the empirical relationship between S-wave velocity (V S ) and unit weight (γ waste ) as derived by Choudhury and Savoikar (2009) based on a database of measurements on landfills:
Equation 1 is based on published results of more than 30 surveys that involved independent estimation of γ waste and V S values in landfills. In these surveys, V S is obtained mainly from surface-wave methods and borehole seismics at landfill sites, which differ in age and composition. We use this equation to obtain γ waste , separately for the different data sets -data sets obtained from S-wave reflection analysis, from MASW using Rayleigh waves, and from MASW using Love waves -for up to a 12-m depth where we expect the bottom of the landfill. We then calculate bulk density as follows:
where g is the acceleration due to gravity (9.81 m∕s 2 ). Figure 12 shows the relation between γ waste and V S from the study of Choudhury and Savoikar (2009) and the three seismic studies that we present here. Note the good agreement among all four curves. As for the three S-wave velocity fields derived in this study, we use the relationship given by Choudhury and Savoikar (2009) to obtain γ waste . The similarity in trend between these three curves and that of Choudhury and Savoikar (2009) is obvious. However, the estimation of V S and the curve fitting are done independent of each other. The very small difference between these best-fit curves suggests that the estimated value of γ waste will be little affected irrespective of which approach is used for V S estimation. The two MASW-derived values show almost no difference at all; whereas the difference in the estimated γ waste values between reflection and MASW methods is 1% or less for the V S range 100-160 m∕s.
The main distinction between the MASW methods and the Swave reflection method is in the detail of heterogeneity mapping. This is primarily due to the higher resolution with the reflection method. The reflection method agrees well with the ERT result and seems to be more reliable for imaging a heterogeneous landfill. We use the S-wave reflection results for determining the density distribution in the landfill (Figure 13 ). Materials with a wide range of densities ranging from 100 kg∕m 3 up to 1400 kg∕m 3 are present here. This is in agreement with the density values generally found in municipal landfills (EPA, 2008; Leonard et al., 2000; WRAP, 2009) . However, the very low density at a relatively great depth (x ¼ 21 m, TWT ¼ 200 ms) is rather unrealistic, and it is probably a result of using the empirical relationship below the landfill bottom, where the relationship is no more valid. In addition, velocities lower than 61 m∕s are excluded here because they would correspond to very low density values that are not realistic. As seen also in Figure 12 , the uncertainty of using the relationship of Choudhury and Savoikar (2009) increases for these very low velocities. Note in Figure 13 that the high densities of the order of 1200-1400 kg∕m 3 are present at approximately x ¼ 15 m, TWT ¼ 120 ms. This zone may act as a barrier or obstruction to leachate flow. Such high-density and/or high-stiffness zones probably correspond to greater compaction and/or agglomeration of high-density wastes such as construction materials. Softer, lower density zones should correspond to relatively loose and porous materials where an easier transport of fluid is possible.
DISCUSSION
For a heterogeneous subsurface such as a landfill, MASW is not expected to offer the desired high resolution. A comparison between the MASW and S-wave reflection method is not quite justified because these two methods are based on different principles. However, from a practical point of view, the high-resolution S-wave reflection method is clearly better suited for heterogeneity mapping inside a landfill. Because of the low velocity of S-waves in soft soils, the wavelength is generally short. In addition, in our investigation, the use of a high-frequency electrodynamic vibrator has helped in enhancing the resolution further. In the future, use of such high-frequency sources might become crucial to image and characterize the small-scale heterogeneities, such as those in a municipal landfill.
In the context of heterogeneous landfill characterization, MASW has a few shortcomings: (1) nonuniqueness of the inversion result impeding reliable delineations of short-wavelength velocity variations, (2) errors introduced due to the small spatial windows (not enough data), (3) errors due to average values taken for the a priori information, and (4) the assumption of a layered subsurface with no scatterer, which is generally not the case in a landfill. Nevertheless, MASW can image several primary features in the velocity field, which can be useful for a firsthand check of the velocity field obtained from S-wave reflection data. MASW provides a similar Figure 12 . The relationship between unit weight (γ waste ) and Swave velocity (V S ) from the study of Choudhury and Savoikar (2009) based on landfill database and for the V S values obtained in this study using three different seismic methods. A hyperbolic fitting has been performed to data from all four studies. The regression coefficients (R) are marked. range of velocities as seismic reflection, thus giving confidence to the general interpretation.
MASW could provide better results, if the data acquisition was especially adapted for the purpose. For example, by using roll-along data acquisition, we would maintain wide spatial windows, thus improving the results. While calculating the 1D S-wave velocity profiles through MASW, we have used gathers of different source offsets and different receiver-spread lengths. This might have affected the accuracy of estimation of the dispersion curve -Something that could be avoided by using a roll-along acquisition. Further, a more sophisticated inversion scheme that would take into account the heterogeneity in the subsurface could improve the MASW results. For instance, by using an elastic, homogeneous, isotropic, layered half-space as the forward kernel in the MASW inversion, we implicitly disregard scattering as being effective in surface wave dispersion curve modeling. A full-waveform modeling should possibly be more appropriate in this case. Finally, it has been shown earlier that a joint inversion of Rayleigh-and Lovewave dispersion curves could be beneficial (Hamimu et al., 2011) . However, we have found that only when the modal identities of the observed higher modes are clear, such joint inversion can lead to a result that is superior to that of the conventional approach using the fundamental mode only. Otherwise, the joint inversion is practically very much limited in its effectiveness. In the case of our data, the higher modes of surface waves are not laterally continuous, causing difficulty in their identification. This has resulted in unstable results in case of joint inversion of fundamental modes together with the higher modes. Also, for a fine-scale delineation of the subsurface heterogeneity, it is possibly not advisable to ignore the fact that Rayleigh-and Love-wave velocities are generally slightly different.
The acquisition and processing of the seismic reflection data might be considered expensive by landfill operators. However, the higher resolution, the greater reliability, and the significantly more information content that one may expect from the high-resolution S-wave reflection data should sufficiently justify the extra cost. In this vein, the use of high-frequency seismic sources, such as the electrodynamic, horizontal vibrator that we have used in our studies, is a good option to increase cost/production efficiency and quality. Although high-resolution S-wave reflections can generally image the heterogeneities better than the MASW method, there are challenges in processing the reflection data from such highly heterogeneous sites. To image the short-wavelength variations in the landfill and to identify unambiguously the diffractions amid reflections and noises, careful data handling and cross-checks among the shot gather, CMP gather, and stacked section are necessary. We have used the focusing of energy in the CMP supergathers and in the stacked section to assign correct velocity to the local diffractors. This has been done in an iterative manner.
For illuminating the localized shallow scatterers present in a landfill, a high spatial density of the source distribution is beneficial. Recently, it has been found, based on synthetic tests, that interferometric reconstruction of extra shot gathers, with the source located at places where, in reality, there is no active source present, does generally improve the imaging resolution of the very shallow scatterers in a landfill (Konstantaki et al., 2013b) . This approach, if applied to field data presented here, is expected to improve the S-wave reflection results further. Also, full-waveform inversion has been used successfully in imaging the heterogeneities in the shallow subsurface; this may help improve the quality of the derived velocity field and hence the result of prestack depth migration (e.g., Adamczyk et al., 2014) .
The empirical relationship that we have used to translate S-wave velocity field to unit weight and then to density distribution is derived from independent field studies in more than 30 landfill sites. This is a nonlinear relationship. Therefore, strong contrasts in the velocity values will result in moderate changes in the density. In other words, only large velocity contrasts can reliably be translated to density contrast values. In case of municipal landfills containing different kinds of objects, such large density contrasts are common and they manifest as diffractors in seismic data. The used empirical relationship appears to be quite reliable and useful for such highdensity contrast areas, which also define the leachate flow paths.
The importance of acquiring high-quality seismic data is paramount. We had to mute a large part of the recorded seismic wavefield because of the presence of strong surface waves. There were difficulties in removing the surface waves, due to the similarity of their velocity and frequencies to those of the reflections and scattered events. The results will be much better if the amount of surface waves and other noises can be reduced through more careful data acquisition. To acquire data at times when the anthropogenic noise is minimal is an option. Use of roll-along data acquisition should also be useful in improving the data quality.
CONCLUSIONS
We have presented an approach to localize the heterogeneities in a municipal solid-waste landfill and to determine the distribution and approximate values of density inside the landfill, using combined seismic reflection and ER methods. This has been possible using specific steps of data processing and iterative velocity analysis for high-resolution S-wave reflection data, and translation of the seismic velocity field to approximate values of density using an empirical relation that is especially valid for municipal solid-waste landfills. We have obtained a high-resolution image of the subsurface. Interpreting this image together with the ERT result, we have succeeded to locate possible wet and dry pockets inside the landfill. Density distribution that we have obtained will be useful in understanding the pathways of leachate flow inside the landfill. This is important for localizing the biochemical behavior of the landfill and designing accordingly the treatment procedure, i.e., recirculating leachate in such a way that it flows homogeneously in all areas of the landfill. From a practical point of view, we have found that the seismic reflection method is superior to the MASW method for imaging and characterizing a heterogeneous landfill.
